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Hysteretic behavior was studied in a series of Fe thin ﬁlms, grown by molecular beam epitaxy, having
different grain sizes and grown on different substrates. Major and minor loops and ﬁrst order reversal
curves (FORCs) were collected to investigate magnetization mechanisms and domain behavior under
different magnetic histories. The minor loop coefﬁcient and major loop coercivity increase with de-
creasing grain size due to higher defect concentration resisting domain wall movement. First order re-
versal curves allowed estimation of the contribution of irreversible and reversible susceptibilities and
switching ﬁeld distribution. The differences in shape of the major loops and ﬁrst order reversal curves are
described using a classical Preisach model with distributions of hysterons of different switching ﬁelds,
providing a powerful visualization tool to help understand the magnetization switching behavior of Fe
ﬁlms as manifested in various experimental magnetization measurements.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Major loop hysteresis curves, magnetization versus ﬁeld mea-
surements where the magnetization reaches saturation at positive
and negative ﬁeld extremes, are the primary means of character-
izing ferromagnetism due to the simplicity of the experiment and
the amount of information that can be gained about domain
structure, domain wall movement, and rotation [1]. Despite the
robustness of this technique, other simple induction techniques
can provide deeper insight into the magnetization process. Minor
hysteresis loop measurements, where the system is not taken to
magnetic saturation at positive and negative ﬁelds, have not re-
ceived as much attention as major loop measurements. However,
the recent work has advanced theoretical understanding of minor
loops, allowing for extraction of quantitative parameters similar to
those obtainable by major loop measurements [2]. Previously, re-
lationships between major loop parameters and dislocation den-
sity in ferromagnetic metals have been proposed [3]. The corre-
sponding minor loop parameters, such as the minor loop coefﬁ-
cient Wf 0, relating to microstructural defects were shown by
Steinmetz and others [2,4]. Compared to ﬁelds required forr B.V. This is an open access article
and Materials Engineering,
A.
.saturation magnetization, lower applied magnetic ﬁelds are re-
quired for minor loop measurements, so that they are more ap-
plicable than major loops to applications in nondestructive eva-
luation (NDE) where space is often not available for systems such
as electromagnets for generating saturating ﬁelds.
The theoretical developments of ﬁrst order reversal curves
(FORC) are even more recent than minor hysteresis loop mea-
surements [5–7]. Unlike minor loops, FORCs can be used to de-
convolute the magnetization into reversible and irreversible parts
and to estimate the switching ﬁeld distribution [8,9]. The FORC
technique has been extensively developed by the geomagnetism
community, who use it to determine both type of magnetic mi-
neral and potential for holding geomagnetic data through single
domain magnetic particles in rocks and sediments [10]. Re-
searchers in nanomagnetism are increasingly using FORC to
characterize hysteretic behavior in magnetic memory, permanent
magnets, and nanostructure arrays [11–15]. The availability of fast
magnetometers in the last ten years has enabled the feasibility of
FORC collection, a process now taking hours where previous in-
struments would require days.
In this article, we investigate the major and minor loops and
FORCs of single crystal and polycrystalline Fe thin ﬁlms with dif-
ferent grain sizes. The information provided by each of these
techniques is discussed along with their relationship to domain
movement theory. The widely differing hysteretic behavior in theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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used to show the differing FORC behavior.2. Theory
2.1. Domain wall movement theory
The connection between microstructural defects and magnetic
properties has long been known, and the common terminology for
magnetic materials as “hard” and “soft” stems from this [16]. In-
creased concentration of dislocations in single crystal ferromag-
netic metals results in increased major loop coercivity and de-
creased initial and reversible susceptibilities [3,17]. The initial
magnetization curve (i.e., from a demagnetized state) of a ferro-
magnet can be seen schematically to be divided into three stages
under external ﬁeld H before saturation (Fig. 1). The initial stage
(low applied ﬁelds) involves reversible domain wall displacement
and bowing (Fig. 1(a) and (b)). The domain wall will return to its
initial position if the external ﬁeld is removed (Fig. 1(a)). The do-
main wall is pinned by some dislocations or other defects (blackFig. 1. Schematic of major loop hysteresis (solid line) and initial magnetization
curve (dashed line) (upper), and domain movement with increasing applied
magnetic ﬁeld (lower). (a) Initial state without external ﬁeld. (b) Domain wall
bends because of pinning. (c) Domain wall passed through defects (black spots).
(d) Domain keeps growing. (e) Single domain left. (f) Rotation of domain. (Red solid
arrows are applied ﬁeld direction and blue solid arrows are magnetization direc-
tion). (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)spots) in this stage (Fig. 1(b)) and then bends due to the applied
ﬁeld. At higher ﬁelds the domain wall breaks away from the de-
fects and the magnetization jumps discontinuously, generating
Barkhausen noise [18]. The domain with the easy axis magneti-
zation vector having a component in the same direction as the
applied ﬁeld direction grows (Fig. 1(c) and (d)). Ultimately and
ideally, the material will consist of a single domain (Fig. 1(e)) at the
end of the second stage. Finally, in the third stage at the highest
applied ﬁelds, the domains will rotate away from their magneto-
crystalline easy axis to align with the external ﬁeld and the mag-
netization becomes saturated (Fig. 1(f)).
Processes (a) to (b) can be seen as reversible, as domain walls
have not moved through pinning defects. Similarly, processed
(e) to (f) are reversible, as it is just a rotation of the magnetic
moment. These reversible processes generate what is known as
the defect-free or anhysteretic magnetization [18]. Processes (c) to
(d), however, are irreversible and result in hysteresis, as they in-
volve the magnetization moving over an energy barrier (the pin-
ning defect), discontinuously acquiring magnetization energy. It is
apparent, then, that the character of the defects (concentration,
size, shape, and magnetic nature) will affect the domain wall
pinning and thus the processes in the (c) to (d) region. A higher
defect concentration should lead to a smaller slope in magneti-
zation in this region (i.e, a higher ﬁeld is required to advance the
magnetization by a given amount). Note that a similar argument
can be made with consideration of a major hysteresis loop, rather
than an initial magnetization curve as was described here. In
principle, then, a given set of defects in a magnetic material should
result in characteristic hysteresis behavior when evaluated in a
range of ﬁeld histories, such as with major and minor loops and
FORCs. These same defects generate Barkhausen noise due to
discontinuous jumps in magnetization as domain walls move past
defects, and thus a simulation containing the effects of defects on
hysteresis should be able to predict the Barkhausen noise spec-
trum generated as part of a NDE measurement of a magnetic steel
[13].
2.2. Minor loops and ﬁrst order reversal curves
Reversible domain wall movement is most important at small
applied ﬁelds, thus it is the primary magnetization mechanism
accessed by minor loop measurements, as opposed to major loop
measurements where domains undergo a substantial amount of
irreversible magnetization. (Obviously there is some irreversible
magnetization accessed in minor loops, otherwise they would not
show a hysteresis loop at all.) The minor loop hysteresis thus de-
pends largely on the maximum applied ﬁeld Ha of each loop.
Hysteretic parameters are deﬁned for minor loops analogous to
major loops, including pseudo-coercivity (Hc*), pseudo-remanence
(Mr*), and pseudo-magnetization (M a*) (Fig. 2).
Additional parameters are also useful for minor loops, parti-
cularly pseudo-hysteresis loss work (Wf*) which is the total area of
the minor loop, and pseudo-remanence work (Wr*) which is the
area of minor loop in the second quadrant (negative ﬁeld, positive
magnetization). Three susceptibilities can be deﬁned: Xr*(at re-
manence), Xc*(at coercivity), and Xa*(at maximum Ha) as shown in
Fig. 2(a) [2,19,20]. A relationship between the major loop and
minor loop parameters can be expressed as [2,4]
⎛
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0 is the minor loop coefﬁcient, nf is the minor loop con-
stant 1.6 and Ms is the major loop saturation magnetization.
Typically, these parameters are calculated for 200–1200 emu/cm3
Fig. 2. (a) Schematic of minor loop and minor loop parameters. Wr* which is
pseudo-remanence work is the area of the second quadrant. Wf* is the area of
whole hysteresis loop. (b) Schematic of major loop (black solid line) and FORC (red
dashed line) showing an individual collected point M which is a function of Hr and
H (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.).
Fig. 3. Schematic of Preisach model. Hc is deﬁned as the half width and Hu as the
offset from H¼0 (after [31]).
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exists for remanance, where Wf* is replaced by Wr*, Wf
0 by Wr
0, Ma*
by Mr*, Ms by Mr, and nf by nr. An analogous expression can be
written for pseudo-coercivity Hc*, where the magnetization terms
are for remanence, but the prefactor and exponent become Hc
0 and
nc, respectively. The minor loop coefﬁcientsWf
0 ,Wr
0 , and Hc
0 have
been shown to increase with plastic deformation but remain
unchanged with elastic deformation, indicating that these para-
meters are defect dependent [19]. As a result, these coefﬁcients
have the potential for use as defect-related metrics for monitoring
material changes by NDE. There is an added advantage in that
these are computable from minor loops, which require only small
magnetic ﬁelds that can be applied by wrapping wire around
samples and applying a current, thereby simplifying the measure-
ment apparatus for monitoring in small areas, such as for neutron-
irradiated samples in hot cells [22].
FORC analysis is another candidate method to investigate the
effects of defects on domain wall movement (Fig. 2(b)). While
minor loops consist of tracking out a full loop from a demagne-
tized sample while applying an increasingly larger maximum ﬁeld,
FORCs are obtained differently. A single FORC measurement starts
at a saturation ﬁeld Hs sufﬁcient for positive saturation (Ms), then
ramps to a ﬁeld called the reversal ﬁeld on descending major loop
curve (HroHs). Magnetization data is then collected at deﬁned
intervals from Hr by increasing the applied ﬁeld H until Hmax
(usually above the ﬁeld where closure is obtained in the major
loop but less than Hs). The saturation ﬁeld is then re-applied, and
this process repeated many times with subsequently larger nega-
tive reversal ﬁelds, until the reversal ﬁeld is approximately equal
to the negative closure ﬁeld for the major loop.
A FORC analysis dataset consists of a series of magnetization
curves M(Hr,H) which are ﬁt to a polynomial surface as
M(H,Hr)¼a1þa2Hrþa3Hr2þa4Hþa5H2þa6HHr using a smoothing
factor (SF) to remove the noise generated during the experiment
[23]. Using the ﬁtted magnetization data, a density function (ρ)
called the FORC function is created from a mixed second derivative
of the magnetization surface as [5,24]:
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Generally a coordinate transform is then performed to convert
the Hr, H axes into Hc¼(HHr)/2 (sometimes called the local
coercivity) and Hu¼(HþHr)/2 (sometimes called the bias or in-
teraction ﬁeld) x- and y-axes, respectively. This function is then
plotted as the z-value as gray- or color-scales with contours and is
known as a FORC diagram. The information extracted from FORCdiagrams, such as switching ﬁeld distribution and (ir)reversible
magnetization fractions, can distinguish the individual contribu-
tion of independent magnetic components [25].
2.3. Preisach models of hysteresis
A simple but useful model for understanding FORCs is the
classical Preisach Model [26] which reduces magnetization into a
sum of independent two-state “hysterons” which have different
switching ﬁelds [27–29]. The coordinate transform of FORC to Hc
and Hu essentially maps the switching behavior onto Presiach
space [9,30]. Each hysteron can be in one of two states: either
‘switched on’ or ‘switched off’; the corresponding, is either 1 for
‘on’ or 1 for ‘off’ (see Fig. 3). The switching thresholds are de-
termined by two ﬁeld parameters, a and b, where aob. All the
hysterons can be mapped in a two-dimensional coordinate system
with a as x-axis and b as y-axis (see further discussion in Section
4.5). The total moment at a given external applied ﬁeld is the sum
of moments of all individual hysterons, given that each will have a
moment of 1 or 1.
There are several different versions of the Preisach model with
increasing complexity, but for simplicity we will here consider the
classical Preisach model (CPM), which includes only irreversible
effects; however, we brieﬂy summarize the more complex and
general models as follows. The CPM has two main properties
which are necessary and sufﬁcient conditions for fully describing
the hysteretic system using this method [31]. The ﬁrst is termed
“wiping out” [32] and relates to the repeatability of cycles of loops,
the erasing magnetic history, perfect “return point memory” [33]
and an absence of “accommodation” or drift of the magnetization
loop [34]. The second property is termed “congruency” and as-
sumes that all hysteresis loops taken between the same ﬁeld ex-
trema have the same shape (geometrical congruency) and may
only be vertically offset on the magnetization plane depending on
their ﬁeld history [34,35]. The generalized Preisach model (GPM) is
a nonlinear model which accounts for the reversible part of
magnetization through its distribution and the squareness ratio of
the loop, and allows ﬁtting of second order reversal curves (SORCs)
[32,36]. Further reﬁnements to the CPM and GPM have been made
to eliminate the assumption that the interaction ﬁeld acting on a
hysteron is independent of magnetization, and mean ﬁeld cor-
rections accounting for magnetization are accomplished to
the GPM with the generalized moving Preisach model (GMPM)
Table 1
Iron thin ﬁlm synthesis parameters.
Name Sample Substrate Growth T (°C) Film thickness (nm) Grain size (nm)
Fe(001)/MgO A1 MgO(001) 300 248 Single crystal
polyFe/polyMgO Fe-poly-MgO-2 Polycrystalline MgO 300 19 24*
LGpolyFe/Si B5 Si(001) 300 139 157
SGpolyFe/Si B6 Si(001) RT 206 43
Fe(001)/GaAs 030713-A GaAs(001) RT 77† Single crystal, top 4 nm may be oxidized
polyFe/GaAs 051313-E GaAs(001) 300 94# Fe:84 (32 vol%), FeAs:12 (68 vol%)
* XRD assessed a small grain size for this sample, but this is more properly the size of the coherently diffracting domain. Electron microscopy determined the average
grain size to be 10 μm.
# Estimated based on saturation magnetization and volumetric fraction of Fe by XRD.
† Thickness determined by x-ray reﬂectance (XRR).
Table 2
FORC parameters. Averaging time was 0.1 s. Hc,min for all samples was 0 Oe. Parameters described in Section 2.2.
Sample# # FORCs H spacing (Oe) SF Hu,min (Oe) Hu,max (Oe) Hc,max (Oe) Hsat (Oe) Elapsed time (hours)
Fe(001)/MgO 413 1 3 100 100 200 5000 4.6
polyFe/polyMgO 463 2.5 5 300 300 300 5000 4.8
LGpolyFe/Si 559 1.65 3 300 300 300 5000 6.3
SGpolyFe/Si 493 2.5 3 500 200 500 5000 5.7
Fe(001)/GaAs 413 4 3 300 300 1000 5000 5.1
polyFe/GaAs 413 5 5 500 500 1000 5000 4.5
10
2
10
3
10
4
10
5
10
6
10
7
10
8
In
te
ns
ity
 (a
rb
. u
n.
)
7570656055
10
2
10
3
10
4
In
te
ns
ity
 (a
rb
. u
n.
)
7060504030
2θ
2θ
Fig. 4. XRD of GaAs substrate ﬁlms. (a) 2θω scan of Fe(001)/GaAs: Fe(200) (cir-
cle), GaAs(400) (diamond), Fe3O4(442) inverted (triangle); and (b) 2θ scan of
polyFe/GaAs: Fe (circles), FeAs (triangles).
Y. Cao et al. / Journal of Magnetism and Magnetic Materials 395 (2015) 361–375364[36–38]. The GMPM can identify behaviors where reversible
magnetization processes couple with irreversible processes, such
as exchange coupling between hard and soft magnetic compo-
nents in composites [39–41]. The case of GMPM agrees well with
experiments for weakly interacting uniaxial single domain parti-
cles that can be described as a statistically constant ﬁeld, but in-
creasingly diverges with experiment for strongly interacting par-
ticles with high packing, such as with magnetic patterned media
[42]. For this case a Preisach model for patterned media (PMPM or
PM2) [43] was developed, allowing detailed assessment of both
magnetizing and demagnetizing interactions. In the generalized
PM2 both symmetrical and asymmetrical components of the re-
versible magnetization can be accounted for to properly reproduce
the negative portions of the FORC diagram, identify parts of the
FORC diagram due to coupling between reversible and irreversible
parts of magnetization, and account for the shape of the reversible
distribution [36].
Various methods have been attempted to better experimentally
collect the information about the reversible component of hys-
teresis for display in FORC diagrams. The “extended FORC” in-
cludes the reversible component through a delta function in the
FORC function ρ at precisely the reversal ﬁeld, resulting in a “re-
versible ridge” at zero coercivity in ρ [44]. Collecting points at
ﬁelds less than the reversal ﬁeld allows better calculation of the
mixed second derivative and distinguishing between fully re-
versible and small irreversible components of the magnetization
[45]. Alternately, the reversible part can be estimated by taking the
limit at the reversal ﬁeld of the difference between magnetization
and the reversal ﬁeld magnetization [46].
FORC diagrams have a negative distribution density (ρ) region
due to the fact that hysterons in real materials are curvilinear ra-
ther than square [44]. These curvilinear loops have regions where
the top descending branch and the bottom ascending branch of
the magnetization do not have the same susceptibility (slope), and
hence there is reversible magnetization coupled to the irreversible
part modeled by a square Preisach hysteron [9]. When congruency
and wiping-out as previously described are obeyed then hysterons
are square, and the FORC distribution and the classical Preisach
distribution are identical.3. Materials and methods
3.1. Iron ﬁlm preparation
In order to systematically examine the effect of defects on
hysteresis properties, we desired a large range of small grain sizes
in iron as a model system. Grain reﬁnement on bulk Fe foils was
Fig. 5. SEM images of the Fe ﬁlm on polycrystalline MgO substrate. (a) EBSD pattern quality map; (b) IPF-Z surface normal map, showing crystallographic orientations;
(c) SEM showing Fe decoration on MgO grains; and (d) higher resolution image showing individual Fe crystallites on a single MgO grain.
Fig. 6. Major loop measurement at room temperature (Samples are ordered from
1 to 6). Inset shows the comparison of the coercivity.
Table 3
Major and minor loop parameters, sorted by major loop coercivity (Hcm). Para-
meters described in Section 2.2.
Sample# Hcm (Oe) MS (emu/cm3) Minor loop nf Wf° (104 J/m3)
Fe(001)/MgO 4.24 1747.26 1.30 2.31
Fe(001)/GaAs 37.79 1677.09 1.23 2.18
LGpolyFe/Si 43.49 1797.78 1.76 3.49
polyFe/polyMgO 71.63 1750.23 1.44 4.61
SGpolyFe/Si 117.36 1821.53 1.63 5.32
polyFe/GaAs 235.35 1800.13 1.90 14.34
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meters which will result in very small coercivity due to multi-
domain hysteresis [47,48]. For this reason we chose controlled thin
ﬁlm growth. Some authors have obtained grain sizes between 32
and 750 nm using electrochemical deposition [47]. We, however,
chose molecular beam epitaxy (MBE) to create high quality ﬁlms.
Additionally, another aspect of our work, simulating magneticforce microscope images of islands in Fe ﬁlms [49], required thin
samples.
Iron thin ﬁlms were grown by MBE on 1 cm1 cm square
substrates of Si(001), GaAs(001), MgO(001), or polycrystalline MgO
using ultra-pure (99.999%) Fe. Different substrates and deposition
temperatures were used to obtain iron ﬁlms-single crystal and
polycrystal varying in grain sizes. These specimens are identiﬁed as:
Fe(001)/MgO, polyFe/polyMgO, LGpolyFe/Si, SGpolyFe/Si, polyFe/
GaAs, and Fe(001)/GaAs, where “poly” indicates polycrystalline and
“SG” or “LG” indicates small grain or large grain, respectively.
Si substrates with their native oxides were degreased in acet-
one and isopropyl alcohol. The substrates were then exposed to an
UV–Ozone cleaner for 3 min to rid the surface of adventitious
carbon. The substrates were then inserted into the deposition
system. GaAs was prepared with an arsenic cap for surface passi-
vation against contamination during ambient transfer. The As layer
was desorbed after insertion into the MBE chamber in order to
obtain a clean GaAs(100) surface by annealing the sample up to
550 °C. A good c(44) reﬂection high energy electron diffraction
Fig. 7. Experimental minor loops: (a) Fe(001)/MgO, (b) PolyFe/PolyMgO (c) LGpolyFe/Si, (d) SGpolyFe/Si, (e) Fe(001)/GaAs, and (f) polyFe/GaAs. Points are major loop and
lines are minor loops.
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constructed GaAs surface. The substrates were then cooled down
to the growth temperature prior to deposition. Epitaxial Fe was
deposited onto MgO(001) substrates by MBE at a substrate tem-
perature of 300 °C. These temperatures are low enough that Fe will
not interdiffuse with Mg in MgO and will not reduce, thus pre-
venting FeO formation. MgO(001) substrates were prepared by
brieﬂy etching in phosphoric acid followed by de-ionized water.
The etched substrates were then annealed in a tube furnace at a
temperature 1125 °C for 4 h face-to-face.
3.2. X-ray diffraction
X-ray diffraction (XRD) was performed at angles 2θ from 20 to
90° with a Philips X’pert Multi-Purpose Diffractometer and Cu Kα
radiation to obtain phase information as well as grain size through
x-ray line broadening. In all cases glancing incidence (β¼5°) XRD
was performed to minimize effects of the substrate, with addi-
tional measurements of high resolution 2θω in certain cases to
establish epitaxial relationships. Film thicknesses were de-
termined from x-ray reﬂectance (XRR, ﬁlms o80 nm thick) or
Rutherford Backscattering Spectrometry (RBS) using 2.0 MeV Heþ
ions at 150° obtained from a 3.0 MV NEC 9SDH-2 pelletron tandem
accelerator. Atom areal concentrations obtained by RBS were
converted to ﬁlm thickness based on the assumed density of
7.865 g/cm3 for pure iron [50]. Sample parameters, ﬁlm thick-
nesses, and grain sizes obtained are shown in Table 1.
3.3. Scanning electron microscopy
Specimens were examined in a ﬁeld emission gun (FEG) scan-
ning electron microscope (JEOL 7600, Peabody, MA) equipped with
an electron backscattered diffraction (EBSD) and energy dispersive
spectroscopy (EDS) system (Oxford Instruments, UK). The speci-
mens were evaluated by SEM to examine their microstructure, to
conﬁrm the grain size measurements via EBSD, and to conﬁrmphase purity via EDS. The specimens were examined as-received,
without applying a conductive coating, under high vacuum con-
ditions. Specimens were imaged using both backscattered electron
detectors as well as secondary electron detectors under both high
voltage (20 keV) and low voltage (3 keV) conditions with a bias
voltage applied to the specimen stage.
3.4. Magnetic measurements
Magnetic measurements, including major hysteresis loop,
minor hysteresis loops, and ﬁrst order reversal curves, were ob-
tained at room temperature using a Lakeshore PMC 3900 vibrating
sample magnetometer (VSM). The ﬁlms were placed with the
magnetic ﬁeld in the plane of samples for all measurements. The
major hysteresis loop was measured to an applied ﬁeld of 75 kOe
in 30 Oe increments near saturation, decreasing to 0.5 Oe incre-
ments when approaching coercivity, so as to obtain an accurate
value for coercive ﬁeld.
Subsequently, a total of 50 minor loops were measured for each
previously demagnetized sample. Demagnetization was accom-
plished in an alternating ﬁeld starting at an initial ﬁeld in excess of
the coercivity and proceeding until the remanence was as close to
zero as possible. Instead of being saturated, each minor loop only
pseudo-saturates at an applied ﬁeld Ha* (H Ha a<* ). High resolution
data was obtained for relative soft magnetic single crystal ﬁlms (Fe
(0 01)/MgO and Fe(001)/GaAs) by increasing Ha from 1 Oe to 50 Oe
in 1 Oe increments. Polycrystalline ﬁlm minor loops were mea-
sured with Ha from 10 to 500 Oe in 10 Oe increments. In each
individual minor loop, magnetization data was collected every
0.05 Oe for single crystal ﬁlms and 0.25 Oe for polycrystalline
ﬁlms. The minor loop data were processed and analyzed using
Matlab (R2014a, Mathworks, Natick, MA). Minor loops are mea-
sured continually, so they are not closed but spiral outwards. To
extract the minor loop parameters they are closed numerically,
assuming each minor loop starts in the ﬁrst quadrant and ends in
the ﬁrst quadrant.
Fig. 8. (a) The relation between applied ﬁeld Ha and pseudo-magnetization Ma*.
(b) The relation between Wf* and Maμ *. The slope of 1.5 is shown to compare with
linear ﬁt of data. The inner box shows the region of magnetization used to obtain
the ﬁt data in Table 3. (c) The relation between minor loop coefﬁcient and grain size
1/d.
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depending on the sample, with averaging time of 0.1 s per mea-
surement, resulting in total measurement time of 4–6 h per
sample for very high resolution data (see Table 2). The time con-
sumed during FORC measurement is determined by the mea-
surement parameters and the number of FORCs [6]. A small ap-
plied ﬁeld step (1–5 Oe) was necessary to obtain high resolution
FORC diagrams. The raw data were collected and processed using
FORCinel (V2.03 in IGOR Pro6, WaveMetrics, Portland, OR) [7] with
the smoothing factor (SF) as listed in Table 2, and with FORClab
([9], implemented in Matlab).
For further understanding of the hysteretic mechanisms, a
parameterized simulation of the Preisach Model was performed in
Matlab.4. Results and discussion
4.1. Effect of substrate and temperature on Fe ﬁlms
Table 1 summarizes the growth conditions, thickness, and grain
size obtained for all the ﬁlms. Initial ﬁlm growths were performed
on GaAs(001) substrates due to the very low magnetic suscept-
ibility of GaAs of 33.3106 cm3/mol [51] making it a small
diamagnetic contribution even with very thin Fe ﬁlms. Single
crystal ﬁlms were obtained for Fe grown on GaAs at room tem-
perature, but they also had evidence of oxidation, probably mag-
netite Fe3O4 (see Fig. 4(a)). XRR modeling suggested 4 nm of the
77 nm total ﬁlm thickness was oxidized. Due to very small lat-
tice difference, ﬁlms are probably quasi-single crystal, with some
preferred orientation and epitaxy. Polycrystalline material was
obtained when grown at 300 °C, but the Fe reacted with the GaAs
substrate to form FeAs identiﬁed by XRD as westerveldite (powder
diffraction ﬁle 00-012-0799) (see Fig. 4). Full pattern ﬁttings es-
timated 68 vol% of the ﬁlm was FeAs with 12 nm grains and
32 vol% of the ﬁlm was Fe with 84 nm grains. The nonmagnetic
regions should provide strong demagnetization effects and act as
pinning sites for the Fe grains, potentially masking the effect of
grain size. Thus due to these initial problems with GaAs substrates,
MgO and Si substrates were used for future ﬁlms.
The best epitaxial single crystals, containing the lowest coer-
civity, were grown on MgO(001) at 300 °C. EBSD veriﬁed the single
crystal nature of this ﬁlms, oriented (001), and RBS channeling
showed minimum yield (χmin, the ratio of integrating counts of
channeling to a random spectrum in a small window near the
surface) values of 3.2–7.3%, indicating near “perfect” crystals (ty-
pically 2–5%). However, it was not possible to grow Fe on MgO at
temperatures above this, to attempt to obtain polycrystalline ﬁlms,
due to the reaction to form FeO or (Fe,Mg)O solid solutions at the
interface [52]. Lower temperature growth is known to create
rougher polycrystalline ﬁlms. For this reason, polycrystalline
samples were grown on Si(001).
All the ﬁlms grown on Si substrates were grown with their
native amorphous oxide present. Even if it had been removed,
single crystal Fe ﬁlms cannot be obtained on Si substrates, due to
the large lattice mismatch (10% for Si(001) and 4% for Si(111),
where o3% is required for epitaxy). However, growth of poly-
crystalline Fe on single crystal Si is very common [53]. Films grown
at room temperature on Si(001) were very ﬁne grained, 43 nm
grain size determined by XRD, while those grown at 300 °C were
larger, 157 nm. Higher temperatures were not attempted on Si,
due to concerns about formation of iron silicides [54]. Some au-
thors report an iron silicide phase (e.g., FeSi or FeSi2) always forms
at the interface, but pure Fe is always observed as samples get
beyond about 1 nm thick [55]. An iron silicide phase was not ob-
served by XRD in any of the ﬁlms here.
It was desirable to have Fe ﬁlms with even larger grain sizes
than 150 nm, however, to compare hysteresis behavior. To ob-
tain very large grained polycrystalline Fe, ﬁlms were grown on
polycrystalline MgO ceramic at 300 °C. SEM images showed that
these polyFe/polyMgO ﬁlms consisted of small “granules” of Fe
100 nm in size decorating the surface, with a roughness and
orientation depending on the orientation of the underlying sub-
strate MgO grain. This “granule” size is comparable to the x-ray
line broadening “crystallite” size of 25–50 nm. EBSD images of
the polyFe/polyMgO show large areas of Fe with consistent or-
ientation, which appear to correspond to the underlying MgO
grains, thus having a “grain size” 10 μm (see Fig. 5).
Overall the goal was to obtain variation in grain size of Fe from
single crystal to large grain polycrystalline. The main constraints
on the variability of material obtained included the lattice mis-
match between the Fe and substrate, the temperature, and the
Fig. 9. First order reversal curve (FORC). (a) Fe(001)/MgO, (b) polyFe/polyMgO, (c) LGpolyFe/Si, (d) SGpolyFe/Si, (e) Fe(001)/GaAs, and (f) polyFe/GaAs.
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moted surface diffusion and increasing likelihood of crystallization
of the lowest energy phase (e.g., single crystal Fe on MgO grown at
300 °C). However increased temperature also results in chemical
reaction with the substrate (e.g., polycrystalline Fe on GaAs grown
at 300 °C). In the end the samples obtained were a compromise of
these constraints. Though it is possible that strain from the sub-
strate could affect the magnetic properties of the Fe ﬁlms and
mask effects of the grain size, the ﬁlms are thick enough that the
strain should have an insigniﬁcant effect on the magnetic prop-
erties. For example, it has been shown that Fe grown on Si(001) is
relaxed to its bulk body-centered cubic phase when grown more
than 40 monolayers (6 nm) [56]. Since all the ﬁlms in this study
are considerably thicker than this, it is unlikely the any substrate
strain contributes signiﬁcantly to the observed hysteresis.
4.2. Major loop measurements
Fig. 6 shows the room temperature major loop measurements
of all ﬁlms, normalized to volume. Raw data was corrected to re-
move the effects of the substrate. Si, MgO, and GaAs are all dia-
magnetic; however, this was only apparent in the thinnest ﬁlms
where the substrate magnetic effects could be seen, whereas in
other samples a small paramagnetic effect was evident. In all
cases, the linear component in the saturation region (approxi-
mately 3–5 kOe) was ﬁt and this portion was subtracted from the
data, giving a roughly ﬂat saturation. This correction was small,
107 to 108 emu/Oe compared to the total moment of 103 to
102 emu. Finally, the volume of the Fe ﬁlm was estimated in
three ways as follows: (1) assuming 11 cm areameasured ﬁlm
thickness, which provided an overestimate of volume; (2) taking
the volume from (1) and subtracting the estimated volume for four
triangular corners without Fe ﬁlm, which provided an under-
estimate; and (3) setting the saturation magnetization of Fe equal
to the literature value of 1.71103 emu/cm3 [57]. Approach (3)
resulted in an intermediate value for volume between (1) and (2)
and is likely the most accurate, at least for the single phase ﬁlms.
The extracted major loop parameters are shown in Table 3. It isapparent that the major loop coercivity (Hcm) increases in the or-
der of Fe(001)/MgO, Fe(001)/GaAs, LGpolyFe/Si, polyFe/polyMgO,
SGpolyFe/Si, and polyFe/GaAs. All but the polyFe/polyMgO and
polyFe/GaAs show increased coercivity with decreasing Fe grain
size determined from XRD, which is consistent with the fact that
coercivity represents the resistance of the domain wall to pinning
centers. Among the specimens, SGpolyFe/Si has the smallest Fe
grain size; thus a moving domain wall will see a large number of
atomically disordered grain boundaries. The polyFe/GaAs sample
shows the highest Hcm, but this sample contained a large fraction
of FeAs with grains estimated 12 nm size by XRD, thus offering
more grain boundaries to impede the domain wall motion. The
single crystal Fe(001)/GaAs had signiﬁcantly higher coercivity than
single crystal Fe(001)/MgO, as the former was partially oxidized on
the surface (4 nm), thus creating additional barriers for domain
movement. The Ms for the polyFe/GaAs multiphase sample was
obtained just from the Fe contribution, as the inﬂuence of FeAs
was small (paramagnetic at room temperature with susceptibility
4.74104 emu/Oe) [58]. The polyFe/polyMgO sample indicated
small crystallite size by XRD (24 nm) but its coercivity (72 Oe)
was small compared to comparable crystallite size samples
(SGPolyFe/Si, 43 nm, 117 Oe). As was shown in Fig. 5, this sample
had effectively larger Fe grain size, where small Fe crystallites
aligned with the crystallographic orientation of the underlying
polycrystalline MgO substrate (grain size 10 μm). For this reason
the observed macroscopic coercivity is intermediate between a
larger and smaller grained Fe polycrystalline, and not what would
be predicted based on either the Fe crystallite size or the MgO
grain size.
4.3. Minor loop measurements
Fig. 7 shows the minor loops for each sample along with its
respective major loop. The results can be broken into two groups.
The ﬁrst group contains Fe(001)/MgO, Fe(001)/GaAs, and LGpo-
lyFe/Si, and these samples switch with a large magnetization
change over a small ﬁeld increment when the applied ﬁeld ap-
proaches the major loop coercivity; that is, they have a large minor
Fig. 10. FORC diagrams: (a) Fe(001)/MgO, (b) polyFe/polyMgO (c) LGpolyFe/Si, (d) SGpolyFe/Si, (e) Fe(001)/GaAs, and (f) polyFe/GaAs.
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SGpolyFe/Si, and polyFe/GaAs, all of which have a smaller cχ* in-
dicating more gradual change of magnetization with incremental
applied ﬁeld.
The reversible and irreversible components of the magnetiza-
tion can be distinguished by inspecting the Ha versus Ma* data(Fig. 8(a)). For polyFe/polyMgO, SGpolyFe/Si, and polyFe/GaAs
samples which are switching more incrementally, the change of
slope in Ha versusMa* curve shows the transition from reversible to
irreversible magnetization. However, the reversible magnetization
of Fe(001)/MgO is not observable due to its relatively soft nature
and thus large cχ* (Fig. 8). On the contrary, samples with high
dislocation density (many grain boundaries) such as polyFe/GaAs
Fig. 11. Extracted FORC data: (a) the irreversible magnetization, (b) the reversible
magnetization (inset shows the reversible magnetization of polyFe/polyMgO,
LGpoly/Si, SGpoly/Si, Fe(001)/GaAs and polyFe/GaAs), and (c) the switching ﬁeld
distribution.
Table 4
Comparison of values extracted from FORC analysis with major loop Hcm (from
Table 3). All ﬁeld values are in Oe. Hrp
irr and Hrp
rev are the ﬁeld values at the peak
irreversible and reversible susceptibilities from Fig. 11a and b, respectively. Hρ is the
ﬁeld at the peak of the marginal coercivity distribution from Fig. 11c. Finally, the
full-width half maximum (FWHM), in Oe, of the dMirr/dH and of the marginal
coercivity distribution (ρ/ρmax) is shown.
Sample Hcm Hrp
irr| | Hrprev| | Hρ FWHM
(dMirr/dH)
FWHM
(ρ/ρmax)
Fe(001)/
MgO
4.24 4.74 3.23 4.21 6.32 8.11
Fe(001)/
GaAs
37.79 46.89 23.11 40.94 28.31 33.46
LGpolyFe/Si 43.49 42.35 35.62 44.75 10.40 11.22
polyFe/
polyMgO
71.63 71.39 45.34 74.30 54.26 54.83
SGpolyFe/Si 117.36 122.00 109.51 123.25 25.40 28.61
polyFe/GaAs 235.35 248.40 153.64 256.42 165.10 164.40
Y. Cao et al. / Journal of Magnetism and Magnetic Materials 395 (2015) 361–375370and SGpolyFe/Si extend the reversible part to larger applied ﬁelds
which is consistent with both the domain wall movement theory
and major loop coercivity results.
Quantitatively,Wf
0 is the minor loop coefﬁcient which is closely
related to grain size or dislocation density [2], and nf is the minor
loop constant which had initially been determined to be 1.6 [59].
However, it was later argued that the precise value of nf was
material dependent. For Fe and its alloys, nf has been found to be
1.3–1.8 [22,60,61]. More speciﬁcally, the value of nf depends not
only on material but on applied ﬁeld range. As shown by Ko-
bayashi et al. [21], the value of this power exponent is approxi-
mately equal to 2 in the low ﬁeld limit, in agreement with the
Rayleigh law, and describes completely reversible magnetization.
At higher ﬁelds and in considering irreversible magnetizationprocesses, the exponent decreases to values 1onfo2. Thus a
consideration of the nf in a given ﬁeld range will indicate the re-
lative importance of reversible and irreversible magnetization.
Fig. 8(b) shows the relationship betweenWf* (area of the minor
loop) and Ma* (pseudo-maximum magnetization) on a double
logarithmic scale. After linear ﬁt of the curves in the magnetization
range 0.2–1.2 T (or 200–1200 emu/cm3), shown as inner box in
Fig. 8(b), the nf and Wf
0 are extracted and shown in Table 3.
Polycrystalline Fe ﬁlms (polyFe/polyMgO, LGpolyFe/Si, SGpolyFe/Si
and polyFe/GaAs) show similar slopes of 1.6–1.9, distinct from the
1.2–1.3 slopes of single crystal Fe ﬁlms (Fe(001)/MgO, Fe(001)/
GaAs). For these single crystals the ﬁtted ﬁeld region consists of
only irreversible magnetization change. In the Fe(001)/MgO sam-
ple, a tertiary component of the magnetization can be observed
where the exponent increases as magnetization continues to in-
crease (Fig. 8(b)) and the magnetization acquisition slows and
saturates (Fig. 8(a)) indicating domain rotation. For SGpolyFe/Si
and polyFe/GaAs, the exponent is large, indicating more reversible
magnetization being considered in this ﬁeld range, which can also
be seen in Fig. 8(a) where the slope changes in the 150–300 Oe
applied ﬁeld range; this same behavior can be seen in the slope
change of the exponent at higher magnetizations, though this
behavior could be mixed with some domain rotation. Intermediate
samples such as LGpolyFe/Si and polyFe/polyMgO can be seen to
not include the domain rotation in the magnetization range con-
sidered by the exponent (i.e., this magnetization acquisition for
rotation is 41200 emu/cm3 in Fig. 8(a) or 41.2 T in Fig. 8(b)).
The minor loop coefﬁcient Wf
0 is distinct for each sample and
should depend on defect density (in this case grain size). The grain
size of the single crystal can be estimated as the dimension of the
sample. The relationship between Wf
0 and reciprocal of the grain
size, 1/d, is shown in Fig. 8(c). The grain size of polyFe/GaAs is
roughly estimated by an average of Fe and FeAs components,
weighted by their respective volume fractions. From Fig. 8(c), Wf
0
increases with decreasing grain size. The FeAs in polyFe/GaAs
provides more resistance to domain wall movement which gives
polyFe/GaAs the highest value of Wf
0. Even if the real grain size is
smaller or larger than this, or the magnetic behavior is sig-
niﬁcantly affected by the demagnetization effects of FeAs, the
trend ofWf
0 with grain size will be the same, in that theWf
0 is very
high for small grains. However, Fe(001)/GaAs has a slightly smaller
Wf
0 than Fe(001)/MgO even though it has evident surface oxida-
tion; however, it is likely that the Wf
0 difference of 2.18104 J/m3
(Fe(001)/GaAs) versus 2.31104 J/m3 (Fe(001)/MgO) is within
experimental and analytical error. The other consideration is
whether the ﬁt should be conducted over a region where the same
Fig. 12. Uniformly distributed choices for a and b of Preisach hysterons (left) and their resulting hysteresis loops (right). (a) Homogeneous 1010 hysterons distribution.
(b) Homogeneous 100100 hysterons distribution.
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varying the magnetization region used to obtain the exponent nf.
However, if the whole range of exponential values determined for
all samples, 1.2–1.9, is considered, the values obtained forWf0 for
each individual sample do not change more than 10%, thus the
trends observed with grain size (defect density) in Fig. 8(c) are still
maintained.
4.4. FORC measurements
The collected FORC curves and the FORC diagrams, as computed
by methods described in Section 2.2, are shown in Figs. 9 and 10,
respectively. It can be seen that the peak of the FORC diagram
corresponds closely to the measured major loop coercivity.
Some other features of the experimental FORC diagrams are
worth comment. In several samples (e.g., SGpolyFe/Si, LGpolyFe/
Si), positive-negative ridges are apparent along the 45° diagonals
of the Hc, Hu plane. These features were determined to be un-
related to numerical artifacts, but rather to the action of a mean
ﬁeld inside the materials with a very narrow range of switching
ﬁelds. As in mean ﬁeld theory, the local ﬁeld experienced by the
hysteron is the external ﬁeld less the mean ﬁeld which depends on
the demagnetization factor [62]. In magnetizing and demagne-
tizing arrays of nanomagnets, the creation of the positive valued
FORC “ridge” and negative valued FORC “edge” are shown to arise
from unmatched dM/dH jumps from neighboring FORCs [11]. Ad-
ditionally, deviation from ﬂat to Gaussian distributions of coer-
civity exaggerate these features [11]. The small positive and ne-
gative features in the FORC diagrams near Hc¼0 for most samples
are likely numerical artifacts which should be eliminated when
extended FORC measurements are used [44].
FORC analysis also allows the facile extraction of the reversible
and irreversible components of magnetization as [8]:
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→The change of slope of reversible (dMrev/dH) and irreversible
(dMirr/dH) components of magnetization are shown in Fig. 11
(a) and (b).
The switching ﬁeld distribution, or marginal coercivity, can also
be extracted directly from FORC distributions as [7,9,63]:
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The extracted coercivity distribution is shown in Fig. 11(c) from
Hc¼0 Oe to Hc¼500 Oe. The distribution of each sample was
normalized by its maximum distribution value.
Compared to other samples, both the irreversible and re-
versible ﬁrst derivatives of the magnetization of Fe(001)/MgO are
signiﬁcantly larger, since it has a very narrow distribution of
switching ﬁelds around a very small applied ﬁeld. In other words,
it is almost an ideal square hysteron. The number of FORCs ob-
tainable in the switching region were fewer compared to other
samples due to this narrow distribution of switching ﬁelds (see
Fig. 9).
Quantitative assessment of reversible and irreversible compo-
nents compared to parameters obtained from major loops mea-
surements is shown in Table 4. Because of the dominance of the
irreversible components, the absolute value of the reversal ﬁeld Hr
at the maximum of dMirr/dH (shown as Hrp
irr| |) is approximately
equal to the major loop coercivity (Hcm), and is also the maximum
susceptibility, (dM/dH)max. Additionally, the peak of the switching
ﬁeld distribution (i.e. the peak in of the marginal coercivity dis-
tribution, Hρ) occurred near the major loop coercivity. The full-
width at half-maximum (FWHM) of the irreversible part of the
magnetization (FWHM of dMirr/dH) is shown to be nearly identical
to that obtained by the marginal coercivity integral (FWHM of
ρ/ρmax which includes all magnetization), as shown in Table 4,
again showing that the irreversible components dominate the
magnetization process in all ﬁlms.
Compared to others, Fe(001)/MgO, Fe(001)/GaAs and LGpolyFe/
Si have large grain sizes and thus low grain boundaries density and
hence smaller Hcm Hrpirr| |Hρ. The FWHM values (dMirr/dH and
ρ/ρmax) are very low for Fe(001)/MgO and LGPolyFe/Si, then
Fig. 13. Simulated Preisach distributions (a–e) and resulting major hysteresis loops (f–j) and ﬁrst order reversal curves (k–o). All (a,b) circles in the Preisach diagrams have
the same number of points. Sets (a), (b), and (c) show the effect of changing the position of the center of the distribution. Sets (b), (d), and (e) show the effect of changing the
radius of the distribution circle.
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Fig. 14. The relation between dynamic hysteresis loop, ﬁrst order reversal curve
(FORC), and classic Preisach distribution. Black solid line is major loop and red
dashed line is a FORC. The triangle show the Preisach distribution of each red spot.
The shadowed area in the triangle indicate ‘positive’ hysterons and the blank areas
indicate ‘negative’ hysterons (after [25]). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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polyFe/GaAs. Thus one can say that the types of defects for Fe
(001)/MgO and LGPolyFe/Si give rise to consistent coercivities with
very small distribution, despite the fact that the average coercivity
is quite different. This contrasts with Fe(001)/GaAs, which despite
being a single crystal, has a broader range of coercivities, possibly
due to some interaction with a slightly oxidized surface. Ad-
ditionally, SGPolyFe/Si has a similarly larger variability of coer-
civities but around a larger mean value than Fe(001)/GaAs, in-
dicating perhaps a variation of grain sizes that is more signiﬁcant
than that of the LGPolyFe/Si which had both lower coercivity and
lower distribution. Finally, polyFe/GaAs has both the largest coer-
civity and the largest distribution, likely due to the large fraction of
second phase FeAs and demagnetization ﬁelds creating pinning
sites in addition to the grain boundaries. Thus it can be seen that
the coercivity distribution data from FORC can give much addi-
tional information to the major loop coercivity, and the former can
be reproduced in the FORC data as Hrp
irr| | and Hρ.
4.5. Preisach modeling of major loop and FORCs
A hysteresis loop can be modeled by taking a distribution of
switching ﬁeld values (a,b) and incrementing a ﬁeld and com-
puting the value (-1 or þ1) at each node; this distribution can be
represented on a half-plane since aob. Two examples of a uni-
form Preisach distribution and corresponding hysteresis are
shown in Fig. 12. Both have evenly distributed (a,b) pairs, so have
similar shaped loops, but the example with more points (Fig. 12
(b)) gives a smoother curve. In a real sample, the distribution of
hysteron switching ﬁeld values (a,b) is non-uniform. To create
non-uniform distribution, where certain combinations of (a,b)
were favored, simulations were performed with 80 hysteronTable 5
Summary of Preisach modeling.
Preisach distribution ﬁgure Distrib. radius Distrib. Centroid (a,b) Norma
13(a) 0.10 (0.2, 0.2) 0.2
13(b) 0.10 (0.4, 0.4) 0.4
13(c) 0.10 (0.8, 0.8) 0.8
13(d) 0.25 (0.4, 0.4) 0.4
13(e) 0.50 (0.4, 0.4) 0.4combinations distributed on concentric circles in (a,b) space su-
perimposed on a uniform (a,b) matrix (see Fig. 13). Different mean
locations in (a,b) and different widths of the circular (a,b) dis-
tribution were simulated to distinguish the effect of different
distributions on the shape of the hysteresis loop. In the simulation,
the (a,b) panel must be symmetric along a¼b to obtain sym-
metric hysteresis loops. This also requires the center of the dis-
tribution circles to be located on this a¼b axis. Five distributions
simulated and the resulting loop shape are shown in Fig. 13. It
should be recognized that these hysterons do not necessary cor-
respond to physical particles, but are pseudo-particle quanta in
that they can have properties like switching ﬁelds but the math-
ematical effect of their superposition is primarily a phenomen-
ological description [64].
The increment of external applied ﬁeld of the patterns in Fig. 13
is 0.1 on a normalized scale of 1.0. Patterns (a), (b), and (c) have
identical distribution circles but different center locations. The
coercivity obtained in the resulting hysteresis loops occurs at the
value of the center of the distribution (where a b= ) The hyster-
esis loop shape changes from narrow to wide as a increases. The
part of the distribution which is near the a¼b line can be termed
the ‘low coercivity component’, while the part farther away from
a¼b can be termed the ‘high coercivity component’. Patterns (b),
(d), and (e) have the identical center location for the distribution
but a progressively larger radial distribution of switching ﬁelds. As
a result, the hysteresis switches abruptly in (b), but more gradually
as the radius of the distribution in (a,b) gets larger. Therefore, the
center location of the distribution controls the coercivity and
distribution radius controls the susceptibility (dM/dH) at
coercivity.
Modeling the distribution of switching ﬁeld this way provides
insight into the defects controlling hysteresis behavior in the
various ﬁlms. For example, Fig. 13(a) closely resembles the Fe
(001)/Mg(001) major loop, suggesting that it is low coercivity
(near the a¼b line) and has a narrow distribution of switching
ﬁelds. This is consistent with experimental data where Hc,m4 Oe
(Table 2) combined with a very narrow switching ﬁeld distribution
(Fig. 11(c)). The other extreme is polyFe/GaAs, whose major loop
resembles Fig. 13(e), suggesting a larger coercivity (center further
away the a¼b line) and larger distribution of switching ﬁelds.
Again this is consistent with experiments, where Hc,m235 Oe
(Table 3) and has a very wide switching ﬁeld distribution as de-
termined by FORC (Fig. 11(c)). The (a,b) switching ﬁeld distribution
can be seen as related to a distribution in defect properties (e.g.,
domain wall pinning strengths), and major loops can be predicted
based on an assumed defect distribution.
The connection between the Preisach switching distribution
and a ﬁrst order reversal curve is shown in Fig. 14. The number of
‘negative’ hysterons (those with value of 1) increases as the
applied ﬁeld ramps down from saturation (Ms) along the upper
branch of the major loop. Once the reversal ﬁeld is reached, the
magnetization proceeds along the ﬁrst order reversal curve, the
switching makes ‘positive’ hysterons (those with value of þ1)
with a progression starting from the lowest unswitched values of
b . Thus FORCs can also be simulated analogously to the major
loops (see Fig. 13(j)–(o)). With decreased radius of the (a,b)lized Coercivity (peak of distribution) FWHM (ρ/ρmax) Similar ﬁlm
0.1263
0.1335 Fe(001)/MgO
0.1249
0.2176 polyFe/polyMgO
0.2824 polyFe/GaAs
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coercivity (descending branch, i.e., χc) increases, fewer FORCs are
realized in the switching region, and the overall major loop be-
comes more square. Again this is consistent with the example of Fe
(001)/MgO which had fewer FORCs in the region between positive
and negative coercivity (Fig. 9(a)). In addition, the other single
crystal Fe(001)/GaAs shows this (Fig. 9(e)), as well as the large
grained polycrystalline LGpolyFe/Si (Fig. 9(c)). All three of these
also fall into the same grouping obtained by minor loop mea-
surements (see Section 4.3), and the slope of Ma* versus Ha is
highest for these ﬁlms.
These relationships can be summarized in Table 5, which
shows the Preisach distribution radius, centroid (center of dis-
tribution circle), effective coercivity, and FWHM (of hysterons). It
can be seen that the coercivity (affected by distribution centroid)
and the coercivity distribution (FWHM, affected by distribution
radius) can describe the hysteresis of the major loop and FORC
quite well. Thus, the Preisach modeling can capture all of the es-
sential behaviors distinguishing the major loop, minor loop, and
FORC behaviors of the Fe ﬁlms tested here. The Preisach modeling
further gives insight into the underlying defect distributions re-
sponsible for the given hysteretic behavior, thus allowing para-
metric simulation. With further reﬁnement, it is expected that a
more quantitative correlation could be made, such as defects
density or grain size, with switching ﬁeld distributions.
To obtain detailed quantitative correlations, additional careful
experimental and simulation work is recommended. Explicit
testing of the minor loop congruency and simulation of minor
loops should be performed. Though reasonably good qualitative
correlations were shown with the classical Preisach model, more
complicated Preisach models, such as the generalized moving
Preisach model, should be performed to account for constant
mean ﬁeld effects and resulting regions in the FORC diagram.
Despite these shortcomings, it has been shown that even simple Fe
ﬁlms can be created to display vastly different hysteresis behavior,
and that magnetic hysteresis measurements are indeed a powerful
means of interrogating material microstructure.5. Summary and conclusions
A series of Fe thin ﬁlms were prepared and characterized at
room temperature using different hysteresis techniques. Major
loop measurements, minor loops measurements, and ﬁrst order
reversal curves were obtained to determine how domain walls
responded to different sequences of changing external magnetic
ﬁeld. The results of major loops showed that the coercivity in-
creased with decreasing grain size due to higher concentration of
volumetric defects which resisted domain wall movement. For
minor loop measurements, the coefﬁcient Wf
0 was shown to in-
crease with decreasing grain size for the same reason. First order
reversal curves added insight to the deviation of switching from
the classical Preisach model, and allowed estimation of the con-
tribution of irreversible (square hysteron) and reversible (curvi-
linear hysteron) components of susceptibility as well as the
switching ﬁeld distribution. It was shown that Preisach modeling,
assuming distributions of the switching ﬁeld parameters, can
provide a powerful visualization tool. These simulations can help
to understand the experimental data which depends on the un-
derlying switching ﬁeld distribution caused by defects.Acknowledgments
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